r Maternal nutrient restriction induces intrauterine growth restriction (IUGR) and leads to heightened cardiovascular risks later in life.
Introduction
The intrauterine environment is a major determinant of fetal health. Associations between many teratogens and fetal abnormalities, such as those seen in fetal alcohol syndrome, which occurs following excessive maternal alcohol consumption during pregnancy, have long been known (Clarren & Smith, 1978) . It is now clear from extensive human epidemiological and experimental animal studies that physiological challenges to the pregnant mother, such as decreased nutrition or over-nutrition, are also associated with predisposition of offspring to a wide variety of long-term health complications. These changes produced by gene-environment interactions are known as developmental programming and have led to the concept of the 'developmental origins of health and disease' (Godfrey et al. 2007) . Most remarkably, offspring of mothers undernourished in early pregnancy during periods of famine exhibited increased incidence of dyslipidaemia and cardiovascular disease (CVD), whereas offspring of mothers in later stages of pregnancy during the period of limited nutrient availability exhibited higher incidence of glucose intolerance (Roseboom et al. 2001) . Low birth weight (a hallmark of intrauterine growth restriction; IUGR) has been linked to increased incidence of CVD, stroke, hypertension, diabetes, osteoporosis, and an assortment of multi-systemic dysfunctions in humans (Fowden et al. 2006) . Various components of those changes have been replicated in animal models, suggestive of a causal relationship (Armitage et al. 2004 ). Yet, the mechanisms underlying these predispositions remain poorly understood.
Using cardiac magnetic resonance imaging (CMRI), we have reported left ventricular (LV) functional decrease in IUGR offspring born to baboons that ate 70% of the global diet of mothers eating ad libitum during pregnancy and lactation (Kuo et al. 2016) . In that study, decreased LV ejection fraction (EF), filling rate, cardiac index and wall thickening were present in IUGR offspring with increased spherical morphology and chamber volume, similar to alterations seen in older animals and closely resembling characteristics of early, subclinical heart failure. These worrying cardiac changes are thought to contribute to the elevated CVD risk seen later in life as a result of decreasing cardiac reserve. Yet, the cardiac left ventricle is hardly an isolated organ. Given the interdependence of the cardiac chambers, we sought to determine whether right ventricular (RV) function was also impaired in the IUGR offspring.
Animal studies show that approximately 20-40% RV pressure and outflow result from LV contraction (Yamaguchi et al. 1991) via interventricular modulation of overall ventricular deformation and wall stress (Santamore & Dell'Italia, 1998) . Clinically, patients with left sided heart failure often show concomitant right-sided cardiac dysfunction (Drazner et al. 1998; Voelkel et al. 2006) . Significant failure of the systemic cardiac chambers also inevitably propagates upstream, increasing the work required for pulmonary perfusion, leading to pulmonary hypertension (Oudiz, 2007; Lam et al. 2009b) . RV contractile impairment and elevated afterload from pulmonary hypertension are frequently observed in heart failure patients, especially in severe cases (Kalogeropoulos et al. 2011; Segers et al. 2012) . Importantly, RV dysfunction has been proposed as a strong predictor of mortality in patients with heart failure (Polak et al. 1983; de Groote et al. 1998; Melenovsky et al. 2014) . Based on our previous LV findings paralleling mild degree of heart failure, we hypothesized that RV dysfunction also occurs in IUGR baboon offspring and may be detected by CMRI.
Methods

Ethical approval
All procedures were approved by the Texas Biomedical Research Institute Institutional Animal Care and Use Committees (IACUC) and conducted in facilities approved by the Association for Assessment and Accreditation of Laboratory Animal Care. The IACUC is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. This work complies with the animal ethical principles under which The Journal of Physiology operates and with the checklist outlined by Grundy (2015) .
Animal model
Baboons (Papio species) were group housed and maintained in a social environment and fed using an individual feeding system (Schlabritz-Loutsevitch et al. 2004) . Healthy gravid female baboons of similar age and weight were randomly assigned to an ad libitum diet or a globally reduced diet regimen consisting of 70% of feed eaten by control ad lib fed mothers on a weight-adjusted basis from 0.16 gestation (G) to end of lactation (Li et al. 2013) . The offspring baboons were fully weaned at 9 months of age and moved to juvenile group housing, where ad lib diet was given. They were fed Monkey Diet 5038 (Purina LabDiets, St Louis, MO, USA) containing 13% calories from fat, 18% calories from protein, 69% calories from carbohydrates, mineral and vitamin additives, and a metabolizable energy content of 3.22 kcal g −1 .
Cardiac magnetic resonance imaging
CMRI was performed on three groups of baboons: young adult IUGR baboons (IUGR, n = 16, 8 male, age = 5.7 ± 1.3 years; mean ± SD), age-matched control baboons (CTL, n = 16, 8 male, age = 5.6 ± 1.3 years), and elderly adult baboons (OLD, n = 12, 6 male, age = 15.9 ± 3.1 years). We previously studied and reported decrease of LV function in these same animals (Kuo et al. 2016) . To account for potential diurnal and prandial effects on cardiovascular function, the studies were always conducted the same time of the day, in the morning (09.00-12.00 h) after overnight fast. Subject baseline data are shown in Table 1 . Cardiac MRI was accomplished under general anaesthesia. Anaesthesia was induced with ketamine hydrochloride (12 mg kg -1 , I.M.) and maintained with isoflurane (0.8-1.0%, inh). Oral intubation was performed following anaesthesia induction for mechanical ventilation. Subsequently, cannulation of the right saphenous vein for I.V. access was performed. Body temperature was maintained with a custom built feedback-regulated circulating water blanket. Continuous physiological parameter monitoring was performed as well as visual assessment for respiration, movement and mucosal coloration. Mechanical ventilation was performed at approximately 10 strokes min -1 and 120-180 ml stroke −1 . In sequence acquisitions where breath hold was required, a brief interval of hyperventilation was performed followed by a brief period of ventilation suspension, not exceeding 30 s in duration, followed by prompt resumption of ventilation support. Mechanical ventilation and physiological monitoring were performed using MRI-compatible equipment.
All studies were performed on a 3.0 Tesla MR scanner (TIM Trio, Siemens Healthcare, Malvern, PA, USA) with a six-channel anterior phased-array torso coil and corresponding posterior coil elements, resulting in an aggregate of up to 12 channels of data. Before each imaging session, a standard quality control phantom was scanned to ensure geometric accuracy, spatial resolution and contrast were within acceptable limits. CMRI was performed using steady-state free precession sequences. A 3D breath-held localizer was first obtained to allow for imaging-plane planning. High temporal resolution cine images with retrospective gating (TR/TE 3.0/1.5 ms, 25 cardiac phases, matrix 144 × 192, FOV 188 × 250 mm 2 ) were then obtained. A stack of 20-24 contiguous short-axis slices (2.5 mm thickness, no gap) was acquired serially during repetitive breath-holds at end expiration. A stack of gated, breath-held four-chamber long-axis slices (5-10 slices centred around the ventricular apex) was also obtained.
On conclusion of the CMRI study, inhalational isoflurane was discontinued, and the subject slowly weaned to room air and transported to the recovery area. Measurements of heart rate, EKG, temperature, blood pressure, P O 2 , and end-tidal CO 2 were continued. Upon extubation, visual assessment of the animal for respiration, mucosal coloration and movement was performed at regular intervals not exceeding 15 min in duration until the animal was alert, in a sternal position and demonstrated control of movement. After full recovery, baboons were returned to their home cage.
Image processing and analysis
The CMR 42 image analysis package (Circle Cardiovascular, Calgary, AB, Canada) was used for CMR data analysis. Endocardial contour of the right ventricle was traced using a semiautomatic algorithm in a time-resolved manner, yielding a working RV model (Fig. 1) . RV end J Physiol 595.13 diastolic (ED) and RV end systolic (ES) phases were determined by maximal and minimal cavum volumes with visual confirmation, which matched LV-ES and ED phases. RV-EF was computed using RV-EDV and RV-ESV. Average RV ejection and filling rates (ER, FR) were calculated by standard formulas. RV early filling rate (eFR) was determined by rate of RV volume change in the pre-diastasis period, visually considered based on the ventricular filling curve, which averaged to approximately the first 150 ms of diastole (6/25 cardiac phases). Longitudinal length of the right ventricle was manually measured from the tricuspid plane to the chamber apex using long-axis images. RV longitudinal shortening fraction (LSF) was defined as change in long axis length between systole and diastole divided by the diastolic length. The RV sphericity indices (SI) at end-systole and end-diastole (RV-ESSI, RV-EDSI) were calculated as chamber volume at end-systole and end-diastole divided by a theoretical sphere formed by the long axis length at the respective cardiac phase (Kim et al. 2006) . Wall thickness was measured at the level of the mid-ventricular cavity in the lateral free wall at end-systole and end-diastole. To account for regional variability in wall thickness, measurements were taken from visually selected representative positions of the free wall within the slices, obtained from three consecutive slices, and averaged. RV wall thickening fraction (RV-WTF) was calculated as the difference between the systolic and diastolic wall thickness divided by the systolic wall thickness.
Normalization
Parameters based on dimensional measurements were evaluated with reference to the body surface area (BSA), estimated using weight-based models as previously described for baboons (Glassman et al. 1984; VandeBerg et al. 2009 Thus, for instance, RV cardiac index (RV-CI) was defined as the amount of blood pumped by the heart per minute per square metre of body surface area.
Statistical analysis
Data were analysed using R 3.2.1 statistical software (R Foundation for Statistical Computing, Vienna, Austria) and Prism 6 (GraphPad Software, La Jolla, CA, USA). Grubbs's test (extreme Studentized deviate) was used to evaluate for statistical outliers. Outliers were excluded from analysis. Normality of distribution was assessed by the d'Agostino-Pearson test. Two-way ANOVA was used to evaluate the null hypotheses that there were no differences between the factors group and sex and no significant interactions. Post hoc multiple comparison correction was performed using Tukey's honest significance test, giving adjusted (post hoc) P values.
To examine whether RV functional status can be linked to the extent of intrauterine growth, correlation analysis was performed between RV-EF and birth weight as well as RV early filling rate (eFR) and birth weight. To determine if the filling function and ejection function change in concert, correlation analysis between those two parameters was performed. Similarly, correlation analysis was performed between the previously reported LV-EF and RV-EF from the current study to determine whether these values change in parallel. Additionally, correlation analyses between RV-EF vs. LSF and RV-EF vs. WTF were completed to establish that both volumetric and structural findings were in agreement. Last, for quality control to assess the internal validity of the measurements, a comparative analysis of LV vs. RV stroke volumes was performed. In correlation assessments, Pearson correlation was performed to evaluate the null hypothesis of no significant associations between parameters within groups, as indicated. Comparison of correlation between groups was performed by one-way ANCOVA as appropriate. Data are presented as mean ± standard error of the mean (SEM) unless stated otherwise. In correlation assessments, regression lines are shown as continuous line with dotted 95% confidence bands. Statistical significance was set at P < 0.05 for all tests. Asterisks denote significance, detailed in table legends.
Results
Subject baseline characteristics and CMRI timing parameters
For completeness, baseline morphometric data of the various baboon cohorts are recapitulated in Table 1 , as previously published (Kuo et al. 2016) . Male baboons showed higher body weights than females, a known physiological difference that is reflected in the formula used in normalization. A slightly higher resting heart rate was also noted in the female baboons (P < 0.05). IUGR birth weights were reduced compared to age-matched controls (P < 0.01).
Right ventricular function
The measured RV functional parameters are shown in Table 2 . No group-sex interaction was found in any of the measured parameters. ANOVA determined sex to be a significant factor in all volumetric measurements of RV function before normalization, with higher values in male animals in stroke volume, cardiac output, overall ejection rate, early filling rate and overall filling rate. After normalization, sex remained a significant factor only in stroke volume, where a slightly higher value was noted in the males compared to females. When normalized stroke volume was combined with heart rate, the resulting normalized cardiac output was not different between the sexes. Group effect was significant in all RV functional measurements after normalization ( Fig. 2) with higher values in the CTL animals than both OLD and IUGR, while OLD and IUGR data were similar.
Right ventricular morphology
RV morphological parameters are shown in Table 3 with ANOVA and post hoc results. The RV chamber volume was higher in males compared to females at both end-systole and end-diastole, and this difference persisted after normalization to BSA. The IUGR animals maintained a higher end-systolic volume than both CTL and OLD. A similar trend was noted in end-diastolic volume, which was only significant between IUGR and OLD. Longitudinal shortening fraction (Fig. 3A) and WTF ( Fig. 3B) were decreased in OLD and IUGR animals compared with CTL, while OLD and IUGR were similar. Likewise, normalized peak RV wall thickness was lower in these two groups compared to CTL but not before normalization. The sphericity index at both end-systole ( Fig. 3C ) and end-diastole ( Fig. 3D ) was decreased in OLD but unchanged in IUGR.
Correlation and regression
A positive correlation was found between EF and birth weight (Fig. 4A , R = 0.59, P < 0.001), mainly as a result of group stratification, which presents as clustering by group for both parameters. Individually, the correlation was not significant (CTL P = 0.16, IUGR P = 0.10). Similarly, a positive correlation was identified between eFR and birth weight (Fig. 4B , R = 0.59, P < 0.001) secondary to group stratification without individually significant slopes (CTL P = 0.15, IUGR P = 0.15). There was a positive correlation ( Fig. 4C ) between RV-EF and LV-EF (Fig. 4C , R = 0.80, P < 0.001). This positive correlation was seen individually per group (CTL P < 0.05, OLD P < 0.05, IUGR P < 0.01), without difference in slope between groups. RV ejection and filling rates were highly correlated (Fig. 4D , R = 0.76, P < 0.001). This correlation was seen individually per group (CTL P < 0.01, OLD P < 0.01, IUGR P = 0.001). Lastly, RV-EF was correlated with LSF ( Fig. 5A , R = 0.73, P < 0.001). This correlation was seen individually within groups (CTL P = 0.03, OLD P = 0.02, IUGR P = 0.0003) without between-group differences (P = 0.43). The RV-EF was also correlated with WTF (Fig. 5B , R = 0.75, P < 0.001). This correlation was seen individually within groups (CTL P = 0.01, OLD P = 0.002, IUGR P = 0.005) without between-group differences (P = 0.38). As an internal control we performed linear regression between LV and RV stroke volumes, revealing a best-fit line with slope of 0.998 and intercept of 2.6 (R = 0.86 and P < 0.001).
Discussion
In human studies and in many animal models, including this baboon model, impaired LV heart function has been found to be a consequence of IUGR (Barker, 1995; Crispi et al. 2010; Allison et al. 2016; Kuo et al. 2016) . The interdependence of LV and RV function has importance for a variety of cardiac pathologies (Santamore & Dell'Italia, 1998 ). In the current study, we investigated whether J Physiol 595.13 Table 2 . Right ventricular functional parameters (mean ± SEM)
Absolute values RV-SV (ml) 12.6 ± 1.1 12.1 ± 2.1 10.7 ± 1.2 S * * * M > F * * * Male 14.1 ± 1.4 17.4 ± 3.0 14.2 ± 1.1 Female 11.2 ± 1.6 6.8 ± 0.6 7.2 ± 1.0 RV-CO (l min -1 )
1 . 2 8 ± 0.13 1.09 ± 0.18 1.00 ± 0.12 S * * * M > F * * * Male 1.31 ± 0.13 1.52 ± 0.25 1.30 ± 0.14 Female 1.25 ± 0.23 0.67 ± 0.08 0.69 ± 0.13 RV-EF (%) 49 ± 2 3 9 ± 3 3 3 ± 3 G * * * CTL > OLD * CTL > IUGR * * * Male 49 ± 2 3 8 ± 5 3 3 ± 4 Female 49 ± 3 4 0 ± 4 3 3 ± 4 RV-ER (ml s -1 ) 51.0 ± 5.5 45.9 ± 7.8 42.9 ± 5.2 S * * * M > F * * * Male 54.5 ± 5.0 63.5 ± 11.7 55.9 ± 6.9 Female 48.0 ± 9.5 28.3 ± 2.8 30.0 ± 4.6 RV-eFR (ml s -1 ) 50.1 ± 3.1 39.1 ± 4.4 22.9 ± 3.7 G * * * S * * CTL > IUGR * * * OLD > IUGR * * M > F * * Male 54.2 ± 2.8 50.1 ± 5.5 27.0 ± 5.6 Female 46.5 ± 5.1 29.8 ± 3.4 18.9 ± 4.7 RV-FR (ml s -1 )
40.0 ± 4.6 30.7 ± 5.0 27.3 ± 3.3 S * * M > F * * Male 42.0 ± 6.4 42.7 ± 6.7 35.6 ± 3.6 Female 37.6 ± 6.9 18.8 ± 2.8 19.0 ± 3.9
Normalized to body surface area (BSA) RV-SV/BSA (ml/m 2 ) 26.5 ± 1.8 17.9 ± 2.1 20.2 ± 1.8 G, group only; S, sex only; GS, group and sex; * P < 0.05; * * P < 0.01; * * * P < 0.005. No significant sex-group interaction was found. CO, cardiac output; EF, ejection fraction; eFR, early filling rate; ER, ejection rate; FR, filling rate; RV, right ventricular; SV, stroke volume.
declines in RV ejection and filling functions occur in IUGR offspring. We found that the IUGR animals display decreased RV ejection fraction, RV stroke volume, RV cardiac index, RV overall ejection rate, RV early filling rate and RV overall filling rate, consistent with the observed structural changes of decreased longitudinal shortening and decreased wall thickening, sharing many similarities with OLD animals but also a few key differences (Table 4) . Overall, our findings lend further support to our operating hypothesis that perinatal nutrition challenges can result in long-term impaired offspring cardiovascular health.
To the best of our knowledge, this is the first study to report impaired RV function in young adulthood in an experimental primate model exposed to developmental programming through a developmental environment challenge -in this instance decreased maternal nutrient availability during pregnancy and lactation. This study was motivated by the hypothesis that interdependence of the cardiac ventricles in the setting of known impaired LV function dictates that some impairment must occur in the right ventricle. In the previous study, we found diminished systolic and diastolic LV function in the IUGR and OLD baboons (Kuo et al. 2016) . The current study found that RV function was more severely impaired than LV function. In the IUGR animals, a 33% reduction in RV-EF was seen while there was a 22% decrease in the LV. In the OLD group, RV-EF was 20% lower compared to 14% in the LV. There was also a more pronounced decline (negative 59%) in early RV filling rate with IUGR compared to the 28% decrease seen in the LV. Interestingly, unlike the impairments occurring in the LV, the deficits in RV function had some dissimilar characteristics for the IUGR and OLD groups.
The RV volumes (ESV/BSA: +55%, EDV/BSA: +14%) and end-diastolic sphericity index increased (+19%) in the IUGR animals relative to CTL, while in the OLD group, the RV volumes remained unchanged and the RV sphericity indices decreased (RV-ESSI −39%, RV-EDSI −21%).
The right ventricle contracts due to a combination of the inward movement of the RV free wall, shortening of the longitudinal fibres, and the effects of LV contraction (Haddad et al. 2008b) . Normally, longitudinal shortening accounts for the majority of RV contraction , responsible for approximately 80% of the RV stroke volume (Carlsson et al. 2007a) . Inward radial movement of the RV free wall contributes to 30% of the RV stroke volume, which is partially counteracted by movement of the interventricular septum toward the left ventricle (negative contribution, approximately 10%) (Ostenfeld et al. 2016) . In the presence of LV dysfunction, at least two features may contribute to the decrease in RV function. A, decreased RV-EF is seen in both OLD (P < 0.05) and IUGR groups (P < 0.001) compared to CTL. B, this decrease in ejection fraction is reflected in normalized cardiac output where decreased values are again seen in both OLD (P < 0.01) and IUGR (P < 0.05). C and D, both eFR (C) and overall filling rate (D) are decreased in OLD (eFR/BSA P < 0.001, FR/BSA P < 0.01) and IUGR (eFR/BSA P < 0.001, FR/BSA P < 0.05). No sex difference or group-sex interaction was seen in these four measurements. One outlier was removed from male OLD group in C; two outliers were removed from female CTL group in D. [Colour figure can be viewed at wileyonlinelibrary.com] J Physiol 595.13 4.1 ± 0.3 3.2 ± 0.3 2.9 ± 0.4 -Male 4.7 ± 0.5 3.7 ± 0.5 2.6 ± 0.5 Female 3.4 ± 0.4 2.8 ± 0.2 3.2 ± 0.6 RV-LSF (%) 26 ± 3 1 7 ± 2 1 5 ± 2 G * * CTL > OLD * CTL > IUGR * * Male 28 ± 3 1 6 ± 3 1 3 ± 3 Female 23 ± 4 1 9 ± 2 1 7 ± 2 RV-WTF (%) 61 ± 3 4 5 ± 4 4 4 ± 5 G * CTL > OLD * CTL > IUGR * Male 61 ± 4 5 0 ± 8 4 4 ± 9 Female 61 ± 6 4 0 ± 4 4 3 ± 6 RV-ESSI (%) 62 ± 6 3 8 ± 3 6 3 ± 5 G * * CTL > OLD * IUGR> OLD * Male 63 ± 8 3 8 ± 5 6 0 ± 5 Female 61 ± 9 3 9 ± 3 6 6 ± 9 RV-EDSI (%) 48 ± 4 3 5 ± 2 5 7 ± 4 G * * CTL > OLD-IUGR> OLD * * Male 43 ± 5 3 6 ± 4 5 9 ± 5 Female 53 ± 6 3 4 ± 2 5 6 ± 7 Normalized to body surface area (BSA) RV-ESV/BSA (ml m -2 ) 27.8 ± 8.6 28.6 ± 13.0 43.1 ± 16.1 G * * * S * * * CTL < IUGR * * OLD < IUGR * * M > F * * * Male 30.6 ± 3.1 36.2 ± 5.5 52.0 ± 6.2 Female 25.1 ± 2.8 21.1 ± 2.9 33.7 ± 3.2 RV-EDV/BSA (ml m -2 ) 54.4 ± 3.4 46.5 ± 4.8 63.1 ± 4.6 G * * S * * * OLD < IUGR * * M > F * * * Male 58.7 ± 4.5 58.4 ± 5.9 76.1 ± 5.7 Female 50.0 ± 4.9 34.7 ± 3.4 50.1 ± 3.2 RV-pWT/BSA (mm m -2 ) 8 . 4± 0.8 5.4 ± 0.2 5.9 ± 0.9 G * CTL > OLD * CTL > IUGRMale 8.9 ± 1.1 5.3 ± 0.3 4.7 ± 0.9 Female 7.9 ± 1.1 5.4 ± 0.3 7.2 ± 1.4 G, group only; S, sex only; GS, group and sex; -P < 0.1; * P < 0.05; * * P < 0.01; * * * P < 0.005. No significant sex-group interaction was found. EDSI, end diastolic sphericity index; EDV, end diastolic volume; ESSI, end systolic sphericity index; ESV, end systolic volume; LSF, longitudinal shortening fraction; pWT, peak wall thickness; RV, right ventricular; WTF, wall thickening fraction.
First, because longitudinal shortening is also the major contributor to LV pumping (Carlsson et al. 2007b ) that occurs synergistically with tricuspid pull of the right ventricle, decreased LV function may lead to concurrent decrease in RV longitudinal shortening, impairing RV function. Second, if the decrease in LV longitudinal shortening function is in part compensated by exaggerated septal motion, there may be in effect increased 'steal' of the RV-SV, further lowing RV function.
In both IUGR and OLD groups, reduction in RV fractional longitudinal shortening was seen, thought to be the mechanistic basis of impaired function. Remarkably, the IUGR hearts were able to partially mitigate the effects of reduced RV longitudinal shortening by increasing the RV end-diastolic volume. The increase in ventricular volume in effect partially maintained the RV longitudinal stroke volume by increasing the RV short axis area (Carlsson et al. 2007a ), similar to the compensatory changes that preserved ventricular stroke volume previously documented in elderly sedentary humans (Steding-Ehrenborg et al. 2015) . Additionally, with this increase in preload, some improvement of ejection function occurred in the IUGR hearts via the Frank-Starling mechanism. Those changes were not seen in OLD. Functionally, these changes lead to concomitant decrease in RV ejection fraction and relative preservation of ejection rate/cardiac index in the IUGR group compared to OLD. In their evaluation of the right ventricle in a hypoxia-induced IUGR rat model, Rueda-Clausen et al. observed increased RV diameter in the IUGR group at 12 months of age (Rueda-Clausen et al. 2009 ), which may be a related finding of increased preload and RV short axis area. In that study, the increased RV diameter was only significant in the males and not in females, which is analogous to our finding of more pronounced increase in the male baboons, and represents a potential sexual dimorphism.
RV function has not been investigated to the same extent as LV function, and consequently its importance has been underestimated (Sade & Castaneda, 1975; Rigolin et al. 1995) . One factor responsible for this relative lack of attention is the difficulty in obtaining its measurements in an accurate and reliable manner (Oldershaw & Bishop, 1995; Grothues et al. 2004) . The RV chamber, unlike its left counterpart, is not rigidly supported by thick musculature. Consequently, its morphology is often variable, making geometric modelling difficult (Fritz et al. 2005; Sheehan & Redington, 2008) . Similarly, the relative thinness of the RV wall makes proper wall thickness measurements problematic, at least in humans. While the normally high capacity of the right ventricle gives a broad range of physiological RV-EF (40-76%) in humans depending on the volume status (Haddad et al. 2008a) , RV dilatation is often the first sign of underlying RV dysfunction (Mertens & Friedberg, 2010) . Interestingly, the combination of increased RV-EDV and RV-ESV, preservation of RV-SV and decreased RV-EF we observed in the IUGR baboons also is seen in the setting of pulmonary hypertension (Grapsa et al. 2010) . Associations between low birth weight and pulmonary hypertension in the neonatal period and pulmonary abnormalities later in life are well documented (Berkelhamer et al. 2013; Stocks & Sonnappa, 2013 ). In extremely low birth weight neonates, pulmonary hypertension and RV dysfunction occur together (Danhaive et al. 2005) . In the prenatal period, redistribution of cardiac output to the left ventricle in human IUGR fetuses has been reported, thought to be a consequence of increased RV afterload (Watanabe et al. 2009 ). The shift in haemodynamics we observed in the right ventricle suggests that significant RV pressure-volume changes may occur in the setting of IUGR without overt signs and symptoms of right heart dysfunction. These findings raise the concern that there may be a large unidentified population suffering from adverse RV cardiovascular outcomes resulting from IUGR. The presence of systolic dysfunction was to be expected. Experimental animal studies show that approximately one-third of RV pressure and outflow result from LV contraction (Yamaguchi et al. 1991) . RV dysfunction has been demonstrated by Doppler evaluation in human IUGR fetuses showing increased RV Tei index, a myocardial performance index independent of ventricular geometry and heart rate (Tsutsumi et al. 1999) . Similarly, decreased RV systolic function has been noted in children (mean age of 5 years) with history of IUGR in the form of decreased tricuspid movement (Crispi et al. 2010) , but not in the detail reported here in our experimental model. Between-species differences are likely to exist as RV systolic function was not decreased in 90-to 120 day-old MNR-induced IUGR rats at baseline, but decreased more severely upon hypoxia challenge in the IUGR group in an echocardiographic study (Keenaghan 
. Correlation analyses of RV ejection and filling rates
A, a positive correlation is seen between RV-EF and birth weight (R = 0.59, P < 0.001) with group stratification. Individually, the correlation is not significant (CTL P = 0.16, IUGR P = 0.10). B, similarly, a positive correlation is identified between RV-eFR and birth weight (R = 0.59, P < 0.001). Individually, the correlation is not significant (CTL P = 0.15, IUGR P = 0.15). C, RV-EF correlates strongly with LV-EF (R = 0.80, P < 0.001), seen individually per group (CTL P < 0.05, OLD P < 0.05, IUGR P < 0.01). D, RV ejection and filling functions are highly correlated (R = 0.76, P < 0.001), seen individually per group (CTL P < 0.01, OLD P < 0.01, IUGR P = 0.001). [Colour figure can be viewed at wileyonlinelibrary.com] et al. 2016). Unexpectedly, in this setting of IUGR offspring we observed more pronounced decline in RV function than LV with strong correlation between the two. Of great importance in relation to aetiology, this shift is contrary to early sparing of the RV function and weaker association typically seen in RV dysfunction secondary to LV dysfunction (Haddad et al. 2008b) . These findings indicate direct effects on RV function in addition to the haemodynamic changes secondary to LV dysfunction. The distinction that a component of RV dysfunction occurs independently of LV abnormality is important because it indicates prospective treatments should consider RV function distinctly to maximize therapeutic potential. We have previously attributed LV systolic dysfunction in the IUGR baboons at least partly to shortened LV sarcomere length, as documented in human IUGR fetuses (Iruretagoyena et al. 2014) . There is a need for a similar study on RV sarcomere length in this model. Likewise, we have attributed decreased LV systolic function partially to decreased number of cardiomyocytes from IUGR, as previously suggested in low birth weight 9-week-old sheep (Stacy et al. 2009 ) and low-protein-induced IUGR neonatal rats (Corstius et al. 2005) . However, a similar correlation between RV cardiomyocyte number and birthweight was not observed in the sheep experiment, and the anatomical source of the cardiomyocytes studied in the rat study was not specified. These issues show the need for further studies in non-human primates. Similarly, delayed cardiomyocyte maturation has been found in the LV but not RV in a placental embolization-induced IUGR fetal sheep model (Bubb et al. 2007) . Early study on hypobaric hypoxia-induced IUGR newborn rabbits revealed an increase in the RV to LV weight ratio (Chang et al. 1984) , but the significance of that finding is not clear. A recent study in caloric restriction-induced IUGR rats (120-180 days old) revealed hypersensitivity of RV mitochondria to oxygen deprivation (Keenaghan et al. 2016 ). Yet, mitochondrial function was unchanged prior to hypoxia in that study, and how this increased sensitivity contributes to long-term cardiac function remains to be studied. Together, these results indicate that further detailed examination of the right ventricle is needed.
In the chick embryo model of chronic hypoxia-induced IUGR, Salinas et al. (2014) reported echocardiographic indices of pulmonary hypertension in 6-month-old male IUGR offspring. Echocardiographic evidence of pulmonary hypertension has also been found in a hypoxia IUGR rat model at 12 months of age with increased media thickness in small pulmonary arteries (Rueda-Clausen et al. 2009 ). These reports establish that the RV afterload is likely to have been abnormal, at least at some point in the development of our IUGR baboons. It remains to be seen if the pulmonary hypertension has persisted into later life. It has been suggested that increased vascular burden is seen in IUGR due to an unbalanced growth, as a component of the originally proposed disproportionate fetal growth hypothesis (Barker, 1995) . Growth of the body that occurs in IUGR subjects after birth is thought to be unaccompanied by proportional vascular expansion, resulting in increased vascular burden and persistently decreased calibre of the blood vessels (Karatza & Varvarigou, 2013) . If these changes are taking place in the pulmonary vasculature, some degree of elevated pulmonary pressure can be expected to occur, which would partially explain our findings. Additionally, IUGR due to a poor maternal diet has been shown to weaken angiogenesis (Khorram et al. 2007 ) and promote vascular remodelling/stiffening (Dodson et al. 2017) . Reduction in pulmonary vascular density, impaired pulmonary arterial endothelial function, and decreased (Rozance et al. 2011 ), but it is not clear whether these changes are specific to the method of IUGR induction. Epigenetic studies of MNR-induced IUGR in 1-day-old and 6-week-old rat pulmonary vascular endothelial cells revealed changes that result in increased sensitivity to hypoxia later in life that may be partially responsible for higher likelihood of pulmonary hypertension and vascular remodelling (Xu et al. 2013) . In aggregate, these studies support our interpretation that the presence of pulmonary hypertension may underlie IUGR RV dysfunction, and may explain the few differences in RV function and morphology we observed between IUGR and OLD. Echocardiographic studies of normal human subjects unveil only modest pulmonary artery systolic pressure increases with age without overt pulmonary hypertension (McQuillan et al. 2001; Lam et al. 2009a) . Notably, it is known that the right ventricle experiences heightened sensitivity to afterload change compared to the left ventricle (Chin et al. 2005) , which may explain the higher degree of decrease in RV function in the IUGR cohort compared to the extent of decrease in LV function. In future studies we plan to determine whether significant differences in pulmonary vascular calibre and hypertension are present in our cohort, and if so, whether alleviation of pulmonary hypertension is sufficient to rescue RV function. Compared to the relative preservation of ejection rate, the decline in filling function with IUGR was more prominent, with more than 50% reduction in active filling rate. There was a subsequent shift toward higher degree of passive RV filling, resulting in a less affected overall filling rate. This predominant diastolic failure in IUGR has previously been noted in the hypoxia-induced chick embryo model (Itani et al. 2016) . Decreased RV diastolic function has been noted in children with history of IUGR (Crispi et al. 2010) . In that echocardiographic study, prolonged RV active phase deceleration time, decreased tricuspid annular movement during early diastole, and a trend of decreased tricuspid E/A ratio was seen, consistent with blunting of active filling. Our findings again indicate that those unfavourable changes present in IUGR continue into adulthood in our primate model. While evaluation of the filling function is difficult in the presence of ejection dysfunction, we would hypothesize that at least three factors are in play. First, the increased chamber volume that is thought to be responsible for relative preservation of the ejection function is likely to contribute to decreased filling function. Second, the filling duration is a significant determinant of RV filling function (Dell'Italia, 1990) with RV filling beginning before and ending after LV filling (Haddad et al. 2008a) . Therefore, the shortened diastole we have reported is likely to contribute to poor filling function (Kuo et al. 2016) . Last, we suspect decreased RV compliance secondary to RV myocardial fibrosis leading to decreased filling function. We have previously identified increased myocardial fibrosis in an IUGR sheep model (Ge et al. 2013 ) and the LV myocardium of our fetal male IUGR baboon cohort (Maloyan et al. 2014) . Combined, these observations suggest multiple mechanisms are likely to underlie the impaired diastolic RV function, but also that several different strategies will need to be investigated to improve RV filling function.
Our RV morphology measurements were consistent with our functional findings. We detected decreased LSF (Fig. 3A) and WTF (Fig. 3B) in the IUGR and OLD groups alike. Correlation analyses indicated these two measurements are likely to reflect, and may even be the cause of, the decreased ejection function (Fig. 4) . The more interesting results arise from our sphericity measurements. We observed decreased RV sphericity indices in the OLD animals at both end-systole and end-diastole, with only a small difference in RV-EDSI between CTL and IUGR.
This difference in sphericity index may arise from the preservation of chamber volume in the OLD animals versus the relative chamber distention in the IUGR animals, which coupled with decreased longitudinal shortening results in paradoxical normalization of the sphericity index in IUGR. Supporting our hypothesis regarding increased RV afterload, an increased RV sphericity index is known to occur with pulmonary hypertension (Grapsa et al. 2012) . In a previous comparison of ageing and programming effects, Allison et al. (2016) concluded that ageing is similar to programming in some processes but not others. In that regard, our results suggest that the effects of IUGR and ageing may be distinguished from one another morphologically via chamber volume and sphericity or physiologically via examination of the pulmonary pressure.
The strong similarity of RV and LV stroke volumes, a known physiological constraint, indicates our measurement model is internally consistent. A small amount of positive deviation was observed, indicating a slightly increased LV stroke volume compared to RV, which is consistent with measurement errors reported in previous CMRI human studies (Lorenz et al. 1999; Maceira et al. 2006) . Also, even though our evaluation was performed under anaesthesia using ketamine and isoflurane, which are known to produce fewer effects on cardiovascular depression than other commonly used aesthetic agents (Kazama & Ikeda, 1988; Stowe et al. 1992; Oguchi et al. 1995) , we recognize that our findings may be complicated by differential effects of anaesthetics on IUGR or ageing physiology. In particular, it is possible that variation in sympathetic tone plays a role in the observed cardiac functional irregularity, as previously explored by Lee et al. (1998) . In addition, we acknowledge that this is a resting study and therefore not wholly representative of cardiovascular function. It is known that cardiovascular function may appear normal at rest but become depressed during periods of increased cardiac demand in certain scenarios. For example, LV ejection fraction remains grossly normal at rest with age, but peak ejection fraction is decreased with exercise in the older population (Port et al. 1980; Schulman et al. 1992) . Without stress studies, it is difficult to gauge the extent of RV functional abnormality in our cohort. We acknowledge that this examination captures only a single time point in the IUGR lifespan. We plan to maintain these interesting cohorts and conduct further studies to determine whether the abnormalities reported here persist and even increase with age in these IUGR animals. Furthermore, we intend to uncover with our subsequent studies whether the findings we report may be complicated by delay in development previously documented with IUGR (Engelbregt et al. 2000) . As a result, one of the limitations of the study is the inability to test the molecular and cellular pathways involved. Last, we note that our model of maternal undernutrition continues to the end of lactation. The continuation of maternal nutrient restriction into the neonatal period likely hinders or delays catch-up growth typically observed with IUGR models. Literature suggests catch-up growth as an important factor in alteration of cardiovascular phenotype and that if maternal undernutrition was limited to the prenatal period, a more pronounced impairment of cardiac function may be seen.
In summary, this study demonstrated that RV systolic and diastolic abnormalities occur with IUGR. This suggests increased CVD risk in these IUGR subjects, with subclinical changes that are cause for concern because they show reduced cardiac reserve. It will be useful to determine, with the abnormal IUGR physiology, whether a combination of ageing and additional subclinical challenges, such as stress, may result in overt clinical dysfunction. In addition, the complex interaction among vascular calibre, flow alteration and cardiac dysfunction warrants further investigation. In particular, future studies should explore how pulmonary vascular health impacts RV afterload in IUGR offspring. In addition to estimation of the pulmonary pressure, evaluation of the right atrial volume (Ostenfeld et al. 2017) , RV outflow tract blood flow waveform (Arkles et al. 2011) , pulmonic valve motion (Weyman et al. 1974) and interventricular septal motion (Jessup et al. 1987 ) may provide further insight into RV pulmonary haemodynamics.
